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1.0 INTRODUCTION 

1 . 1  SITE DESCRIPTION 

1 . 1 . 1  Site Name and Description 

Rocky Flats Envlronmental Technology Site (RFETS), a 6,550 acre mdustnal reservabon 
is located 111 northern Jefferson County, Colorado RFETS hes on two major geological 
w t s  unconsohdated sdicial u t s  (Rocky Flats Alluwum, vanous terrace alluwa, valley 
fill alluvium, and colluvium) underlam by Cretaceous bedrock (Arapahoe Formatlon, 
Lararme Formahon, and Fox HIUS Sandstone) Groundwater moves under confined 
conditrons in sdicial and shallow bedrock u t s  Addtronally, confined groundwater 
flow occurs m deeper bedrock sandstones Surficial sods are predormnantly moderately 
deep to deep, well-dramed clay l o w  of moderate to low pemeabhty (Fmal Phase 11 
RCR4 Facihty Investlgatlon Remedal Investlgatron, Work Plan [Alluvial], U S 
Department of Energy, Rocky Elats Office, Golden, Colorado, 29 February 1991) 

1 . 1 . 2  History of Operation 

From the rmd-1950s to the present, RFETS has been a govement-owned (U S 
Department of Energy POE]), contractor-operated fachty that fabncated nuclear weapon 
components from plutomum (Pu), urmum (U), and other non-radoactwe metals 
(p~cipa l ly  berylhum (Be) and stamless steel) Plutomum was also recovered m the 
facdity when it reprocessed components after they were removed from obsolete weapons 

1 . 2  WASTE STREAM DESCRIPTION 

1 . 2 . 1  Production Wastes 

Radoactrve and nonradoactrve wastes were generated m the productron processes Plant 
waste handhg practlces mvolved onsite and offsite recychg of hazardous matenals, 
onsite storage of hazardous and radoactrve nuxed wastes, and offsite disposal of sohd 
radoactlve matenals at other DOE fachhes In the past, hazardous, radoactrve, and 
radioactrve rmxed wastes were stored onsite Pnmary assessments under enwonmental 
remehatlon programs have idenbfied some of these storage and d~sposal Iocatlons as 
potenhal sources of envlronmental contammatlon 

1 .2 .2  Pollutants/Chemicals 

The 903 Pad, located on the south eastern side of the plant, IS a poaon of Operable Umt 
No 2 (OU2) and covers an area 113 meters wide by 120 meters long In 1958, waste 
drums were stored at thrs locatlon Contammated sod was first dscovered m 1964 m an 
area where 210 hter drums of plutomum-laden lathe coolant od were stored. The drums 
contamed cuttlng od and carbon tetrachlonde contamnated with plutomum and urmum 
cuttmgs from nuclear weapons components machmmg operatlons 

I 

I 

I '  



t i, HGMSSoll Document Number RF/ER-94-002 1 UN 
I TreatabAty Secuon 10, Rev 0 

Study Page 2 o f 3  

(By 1968, al l  of the drums had been removed, processed, and shpped offsite for dlsposal 
The contammated area was covered with a pad consistmg of successive layers of fill dut, 
gravel, and a fmal layer of asphalt The level of contamxnatlon 111 the sod ranged between 
2,000 to 300,000 dxintegratlons per m u t e  (dpm)/100 square centmeters (cm2), with 
penetrabon depths of 3 to 20 cm The plutoluum metal was onginally deposited as fine 
metahcs It oxlcirzed mto ho;! 111 the envlronment The average size of the h02 
partxles was 0 2 mcrons (Sod Decontarmnahon Cntena Report, J A Hayden, et al, 
Rockwell Internabonal, November, 1990) 

1 

1.2.3 Treatability Study Background 

Thls study was undertaken to evaluate the effecQveness of figh Grahent Magnehc 
Separauon, HGMS m removmg actuudes from RF-OU2 soils A treatabhty study was 
conducted by LESAT (Plutomum m Sods Treatabrllty Studes, RF-OU2, T K Wenstrand 
and T M Murank, Lockheed Envrronmental Systems and Technologies Co , Sept 30, 
1993) to evaluate the effectlveneSs of the TRUclean gravity separatlon process m removmg 
activlty from RF-OU2 sods llus report descnbes all aspects of the Physical Separahon 
Treatabhty Test, mcludmg operatmg features of the TRUclean process Because of the 
appropnateness of HGMS m treatmg small parucle contarmnatlon, a residue from the 
TFtUclean process was selected for HGMS evaluahon (Sample 6 111 the above referenced 
report) The HGMS technology is mewed as a natural complement to sod washmg and 
gravxty separatlon. 

1 . 3  TREATMENT TECHNOLOGY DESCRIPTION 

1.3.1 Treatment Process, Description, and Operating Features 

HGMS is a fonn of magnetlc separatlon m whch large magnetlc field gradents are used to 
separate rmcron sued paramagnetlc pmcles The HGMS separator consists of a hgh- 
field, superconductmg solenoid magnet, where the bore of the magnet contams a fine 
structured matnx matenal The matnx matenal (usually ferromagnetlc) locally dlstorts the 
magnehc field and creates large field gradents m the ncmty of the ma= elements These 
matnx elements become the trappmg sites for both paramagneuc and ferromagnetlc 
pmcles When the field gradlents are sufficiently hgh , weakly paramagnew pmcles can 
be physically captured and separated from dmnagneuc host matenals Because most 
actnude compounds are paramagnetic, magnebc s e p m o n  of acb.n.de contammg muctures 

The apphcatlon of HGMS rnvolves passing a slurry of the contarmnated mxture through a 
magnetted volume Fenomagnetlc and paramagnew parhcles are extracted from the slurry 

, /’ by the ferromagnetx ma- whde the &amagnetlc fracbon passes through the magnetued 
volume The magneuc fraction IS flushed from the mamx later when the magnetlc field IS 

‘8 J /‘. Y-d*  /, c.1 C-r, /c I/< 1 isfeaslble -L,rz+/s 7 /  ( ” 1 

I // 
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reduced to zero or the matnx is removed from the magnemed volume The a c u d e  
contarnrng concentrate can then be processed for dsposal , 
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The sluny was pumped through the magnew matnx usmg a penstalk pump at constant 
flowrate Feed sluny homogeneity was mamtamed usmg a m e r  at the pump d e t  Back- 
flushmg of the magneQc matm was done at zero magnetlc field and with the flow dlrecbon 
reversed Feed backflush and multrpass effluent samples were analyzed for contarmnant 
concentratlon Samples are analyzed for plutomum concentratlon usmg alpha 
spectroscopy 

1.4 Previous Treatability Studies at the Site 

In addlbon to the LESAT Report, another sods treatabhty study was reported m August, 
1994 entltled, “Rocky Flats Plant Sod Treatment Bench-Scale Treatabhty Studes (Nuclear 
Remediatlon Technologes Division, General Atormcs-San Diego, Cahfoma, GA- 
C2 18 18) Th~s study reported on prelurunary charactemahon, flotahodattnoon scrubbmg 
tests, and leachmg tests 

- 
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2.0 CONCLUSIONS AND RECOMMENDATIONS 

2.1 CONCLUSIONS 

'Ths physical separabon, sod treatabhty study evaluated the effecbveness of usrng figh 
Gradient Magnetic Separation, HGMS to treat TRuclean process residues for removal of 
actmdes Several separator operatmg parameters mcludmg superficial velocity, apphed 
magnebc field and matnx paclung density were systemabcally mvesbgated along with 
vanous pretreatment protocols The pretreatment protocols mcluded pH adjustment, 
surfactant vanatlon and orgmc destruction usmg an oxldmng agent, H2@ 

, , , , L d L  ( -  c - '  '- 

The objecbve of any physicalaeparabon process is to concentrate the most contarmnant mto 
the smallest fkactlon of the-esd Therefore, results whch show hgh separation 
efficiencies along with bgh mass fracbons in the contarmnant stream are undesirable. Thls 
study showed that HGMS can acheve sigmficant separabon of actnudes from the 
processed sod residues invesbg3ed A concentration of 5 1% of the actlvity m only 2% of 
the feed was acheved based on analysis of the feed and effluent 

2.2 RECOMMENDATIONS 

2.2.1 Additional Studies 

In view of the large number of parameters affecbng the HGMS process and the cornplexlty 
of the evduabon procedure, results from ths mtlal study should be mewed as p r e h a r y  
Tune was not avdable to repeat those particular runs m thts study whch demonstrated 
si&icant separabon or to conduct addmonal tests based on conclusions reached at the end 
of th~s evaluabon 

Addbond studes that focus on the operatmg regme and pretreatment protocol of choice 
for ths apphcaaon are necessary In conjuncbon with the LANL analytical model of the 
HGMS process, these addioonal data will form the basis for the scale-up to a prototype 
system 

contarmnaaon (e100 pm) Most sod washg methods are only effectwe on particles 
greater than 50 to 100 p n ~  Although these tradoonal treatments can be effective m 

pornon of  the contarmnant into the fines Once there, the contamrnant is more dlfticult to 
1 \ removmg large partxle contarmnatlon, thex appbcauon frequently transports a significant 

L- 7 remove and frequently requues a costly chemcal treatment to reach remexhabon targets As 
shown by ths study, HGMS can be effectlve 111 treatmg the fines by physical separatlon 
and offers the potenbal to treat the bulk of the contammated sod usmg physical separatlon 
methods HGMS has been demonstrated on an lndustnal scale rn the processrng of kaoh 
clay and IS cost effecbve m treamg large volumes of matenal to remove small amounts of 
contarmnants 

' ,' HGMS is an effectlve physical separabon process for removmg small pmcle 

" t ' 
, 
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3.0 TREATABILITY STUDY APPROACH 
3.1 TEST OBJECTIVES AND RATIONALE 

Magnetlc separabon has been shown to be effecbve at removmg small pmcle slze 
contarmnants ( 4 0  pm) from slIlular small sned pmcle slurnes Because of hs, 
magnebc separaaon is thought to be a compatlble technology with sod washmg whlch is 
appropnate for treatmg larger pmcles (>50 pm) Frequently, treatment of the larger 
partxles usmg convenbonal technologres results 111 mgratlon of the contamrnant to a 
smaller slze fracbon of the waste stream Consequently the fines are usually ennched by 
the contarmnant. Magnebc separabon is one of the few physical separabon processes that 
is capable of treatmg h s  fme fracbon As a result, a treated waste stream residue was 
selected as an appropnate feed matenal for the magnetx separabon treatabhty study The 
hckener underflow from the USAT processlng clrcut ( 4 5 0  p) was eventually 
selected Actlmty levels of  thrs matenal ranged from 100 to 144 pCdg The matenal was 
sieved usmg a 325 mesh screen t~ less than 53 pm 

The objecbve of the treatabhty study was to evaluate the effectlveness of HGMS m 
remomg actmde contammatron from the LESAT treatment residues Table 3 1- 1 
summanzes the expement senes by run 

The Objectives were as follows 

Senes 1 (Runs 701-705), Explore sensitrwty to magnetrc field Detemune the 
effect of concentraaon of sod~um hexametaphosphate and the mfluence of 
superficial velocity on separaaon performance 

Senes 2 (Runs 706-709), D e t e r n e  the effect of pH and H 2 Q  pretreatment on 
separation performance Also a scalprng pass with a paramagnetlc mam 
at 2 0 Tesla was rntroduced Maxunum field reduced to 2.0 T 

Senes 3 (Run 710-713), Combme the scalping pass with a low field ferromagnetic 
pass. hveshgate the effect of an alternate surfactant and lower soh& 
fracbon I ,  

I 

I 
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Table 3.1-1 HGMS Experiment Parameters 

Series Run# Magnetic Uol Surfactant pH Sonicate Matrix I 
n 

r, 
/- 1 , I  1 .+ 

I -  

l l  
Field (T) (cm/s) 

I 

L i 

I 

1 701 0 5/6 5 0 5  0 2  % Hexamete 10 yes \\ -3jj 
i 1 702 05/65 0 5  none 8 yes VI 

1 703 05/65 0 5  005 % Hexamet 8 yes VI 
1 704 03/65 025 005 % Hexamet 8 yes VI 
1 705 0.96 5 1 0  0.05% Hexamet 8 yes VI 
2 706 2Op3/20 0 5  0 2 %  Hexamet 8 yes VI Wl 
2 707 2.0p/20 0 5  0 2 %  Hexamet 10 yes VllNl 
2 708 2p/2 0/65 0 5  0 2  % Hexamet 12 yes VlWl 
2 709* 2.0p/2 0 0.5 0 2  % Hexamet 10 yes VI Wl 
3 710 2p/O 5/6 5 0.5 0 2 % Hexamet 10 yes VlWlll 
3 711 2p/05/65 0 5  0 2 %  Hexamet 10 yes VlVVlll 
3 7124 2~105165 0 5  0 2 %  Hexamet 10 yes VIVVIII 

Alternative 1 o yes VIWII I 
Surfactant 

3 713 2p/05/65 05 
? 

1Superfrcid velocity 

3.2 Experimental Design and Procedure 

Expenments were run at the LANL plutonxurn faclllty (TA-55) m PF-4, Rm 128 In Rm 
128 the HGMS mt IS mounted atop a vent hood 

Residue samples were wet sieved d3px1, slumed to a specified sob& content (typicaIIy 
10 wt%), treated with surfactant, pH adjusted yith sodrum hydroxlde and bulk somcated to 
msure partlcle deagglomeratlon The sample was then further treated dependmg upon test 
protocol to unprove parucle hberahon. 

The test protocol requued nnsmg of the ferromagnehc matnx wth a soluuon of idenhcal 
pH and surfactant concentrahon as the test slurry The pretreatment was followed by pass 
1 of the test sluny Upon completlon of pass 1, the matnx was nnsed at field and then 
backflushed at zero field The magnetlcs were recovered pnor to pass 2. The effluent from - 

,-%,,<” 425. , ,-L/ 7 
/ 
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pass 1 was then used as the feed for pass 2 The process was repeated for addtronal 
passes as deslred . 
3.3 Equipment and Materials I -2 1 

/ /I 8 2  L,,; .cC')L' ' 
1- 1 ? : (  sfl/-- 

3.3.1 'i Magnetic Separator 

The magnet.& separator consists of a solonoidal, superconductmg magnet with a room 
temperature bore located outside the cryogemc space The superconductmg magnet is 
mantamed at 4 2 K and can generate a magnetic field strength as hrgh as 8 T witlm the 
warm bore A stamless steel tube, capped at one end, extends out the top of the hood and 
fits mto the warm bore of the magnet The magnet is external to the hood but the hrgh 
magnehc field region can be accessed from withm the hood wa the b h d  tube 

\ 

3.3.2 Test Canister- 

The test c a s t e r  holds either a ferromagneQc or paramagnetic matnx and provides flow 
deceleraaon zones for the sluny and backflush Flex hoses are attached to each end of the 
c a s t e r  pemtbng the cmster to be removed from the magnet bore wthout exposmg the 
slurry 

3.3.3 Peristaltic Pump 

Fluids were pumped through the test c a s t e r  with a penstalt~c pump Because the pump 
operates by pmchmg the flex tube with rotatmg rollers, cross contarmnatIon between the 
vanous flow streams is muurmzed The pump is easdy cahbrated and the flow duecuon 
can be reversed * 

3.4  Sampling and Analysis 

The treated slurry is pumped through the magnetIc separator The emergmg effluent is the 
decontarmnated stream, whereas, the m a t e d  retamed by the separator IS the magnebc 
fiactlon After processmg the sample, the magnetmtlly trapped matenal was nnsed from 
the separator m a backflush operatron outside the magnehc field. Feed slurry homogeneity 
was msuntamed usmg a m e r  at the pump mlet. Feed and muhpass effluent samples were 
analyzed for contarmnant concentmaon Samples were taken m test series 1 (701-705) by 
mwng the effluent and p o m g  a sample from the collechon bottle Samples were taken m 
test senes 2 and 3 (706-709 and 710-713) by mwng the effluent 111 a s q m  bottle and then 
Ischargmg the sample from the bottom fed Qscharge tube Th~s procedure was an attempt 
to homogentze the effluent before samphg All samples were collected III tared glass 
bottles then subsequently dned and weighed to prowde data for a mass balance Dned 
samples were analyzed for plutomum concentrahon usmg alpha spectroscopy by either 
Controls for Envlronmental Polluaon (CEP), Santa Fe, NM (701-709) or Lockheed 
Analytical Services (LAS), Las Vegas, NV (710-713). 
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CEP and LAS both followed s d a r  procedures for alpha specttoscopy Received samples 
were quantltatlvely transferred to Qgestlon beakers by acid msmg of the sample bottles A 
plutomum-242 tracer was added then the total sample was dlgested with mtnc acid and 
hydrofluonc acid LAS used rmcrowave Qgestlon A bonc acid or perchlonc acid solutlon 
was added to the sod residue to convert the plutomum to a +4 valence state LAS 
concentrated the plutomum by addmg a fernc standard solutlon then ammomum hydroxlde 
to the Qgested sohd sample to precipitate fernc hydroxide with the plutomum LAS then 
collected and dxsolved th~s sohd with mtnc acid The sample was then passed through an 
amon exchange column, washed, and the plutomwn eluted LAS proceeded wth a N&+ 
mcroprecipitatlon of the plutomum and collection on a 0 2 mm membrane frlter, CEP 
proceeded wlth electroplatmg of the plutomum on stamless steel d~scs The filters or Qscs 
were then counted by alpha spectroscopy 

3.5  Data Management 

Th~s treatabhty study was conducted to evaluate the feasibhty of usrng HGMS to address 
RF sod remeQatlon It was conducted m accordance wth apphcable LANL procedures 
and practlces govemmg the conduct of operahons of the magnetlc separahon equipment 
Procedures have been estabhshed that govern the conduct of HGMS expenments mcludmg 
safe opratmg procedures, data handhng and documentahon 

Expenment flowsheets were prepared and reviewed pnor to all HGMS tests Usmg these 
flowsheets, a test specificatlon sheet was generated a s s i p g  experunent identlficatlon 
numbers and d e f m g  equipment semgs for the proposed test Sample IdenMicatlon 
labels were generated for all sample contamers and sample locatlons were identified on the 
expenment flowsheet Samples were collected m labeled, tared sample bottles, for oven 
drying and weighmg All samples were rwntamed m thelr onpal, labeled sample 
contamers 

- 
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4.0 RESULTS AND DISCUSSION 

4.1  DATA ANALYSIS AND INTERPRETATION 

4.1.1 Analysis of Waste Stream Characteristics 

As lscussed m 3 1 actlvity levels of the treated matenal ranged from 100 to 144 pCdg 
PartxIe sEes were less than 53 pm More detaded mformahon on the generaQon of this 
residue can be obtiuned from the LESAT Report cited 111 1 2 3 

4.1.2 Treatability Study Objectives 

The magnetx separahon process has a number of vanables whch mfluence the results 
These are hsted 111 table 4 1 2-1 where they are categonzed accordmg to matenal 
charactenstrcs or separator charactenstlcs In general, the matenal charactenstm are 
d e t e m e d  by the apphcahon, ig. , the type of sod, the contarmnant and its Istnbuhon, the 
partlcle slzes and the physical propemes Some matenal charactensacs are controllable, 
such as, surfactant type and concentration, and sohds concentrahon However, the 
separator parameters are where most of the process control exlsts These parameters are 
controlled by the matnx design, the magnetlc field charactenshcs and the sluny flmd 
mechanrcs It is necessary to select a set of operatmg parameters that are compahble with 
the contauunated medium and that maxlllllze the magnetrc separaaon process 

Table 4.1.2-1 HGMS Experiment Parameters 

r Material Characteristics I SeDara tor Parameters i 

, ~- - ~ -  ~ - 

I l l  Residence Tme 1 0 - 8 s 
I- t SlLlrry p H 4 - 1 2  Superficial Velocity 0 25 - 4 0 c d s  I 
SI UnltS 

In conductmg the treatabhty study for the Rocky Flats sod residue three senes of tests 
were conducted to cover the HGMS performance envelope. These tests, defined rn3 1, 
were used to generate an HGMS performance map for RF residue as shown UI fig 4 1 2- 
1 Test senes 1 addressed the fulI field strength range of the magnetx separator wWe 
usmg a ferromagnetlc matnx These results showed the largest separatlon efficiencies 
The mass frachon retamed by the matnx mcreases nearly lmearly with mcreasrng apphed 
magnetlc field reachng 0 3 at the 6 5 T pass In test senes 2, a paramagnetrc scalplng pass 
at 2 0 T was mtroduced 111 an attempt to reduce the magnetlc fiachon of the sod In tb~s 
senes the second pass was done at 2 T usmg the ferromagneQc matnx. Th~s senes also 
mveshgated the effect of pH Test senes 3 also started with the paramagnehc scalprng pass 
but pass 2 was executed at 0 5 T with the fenomagnetlc matnx rn an attempt to reduce the 
mass fracbon retamed by the ma- "his was followed by a thud pass at 6 5 T. 
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Fig. 4.1.2-1. HGMS Performance Map for RF Soil Residue (EEEAT) 
Showing Mass Fraction Retained and Separation Efficiency. 
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4 .1 .3  Treatability Study Results 

Appendm A contam the flow dagrams and detaded data sheets for each run. There is a 
separate flow dagram for each test senes showing the parameters for each run m the senes 
and the locabon and idenhficatlon of each sample taken The mass and acbvlty for each 
sample analyzed (m bold) and certam denved values (PI- text) are also mcluded and 
grouped by senes The mass weighted specific actlvity, whrch is the product of the mass 
fractlon and the specfic actlvlty, is used to deterrmne separatlon efficiency The separabon 
efficiency is calculated three ways usrng the mass weighted specific actmty from either the 
feed and backflush, the backflush and effluent or the feed and effluent If the mass and 
actlvity balance error were both zero, all three methods would gwe the same result 
However, because of difficulbes with either incomplete flushmg of the matnx or 
lnhomogeneous samphng of the effluent, one of these methods is usually more appropnate 
than the others 

In test senes 1, the system actlvity balance lndrcated that backfluskg of the matnx to 
remove the magnetlc fractlon was incomplete The mcomplete backflush was later venfied 
by surrogate tests usmg the same test protocol Therefore, separabon efficiencies 
calculated usmg feed and effluent concentratlons are probably more accurate than if the 
backflush concentratlons were used Several procedural changes were unplernented m test 
senes 2 and 3 m an attempt to mprove the actlvity balances for these later tests 
Backflushmg was unproved by incorporatlng ax spargmg mto the hquid flush By 
mtroducmg bubbles mto the flow stream, the scavengmg of  trapped matenal was unproved 
and most of the matenal was hberated In addtlon, effluents were sampled usrng bottom 
taps mstalled on the sample bottles Thts moMicatlon in conjunctlon with the swuhg 
motlon employed to m u t u  partlcle suspension, appears to have resulted m a 
nonhomogeneous samphg of the effluent by preferentlally coIlectmg the heavler 

the feeds and backflushes had greater accuracy than the effluent samplesgad efficiencies lCl  ' -ur-c-- 

for these runs were calculated using the feed and backflush concentratlons In general, 
actlvity balances were unproved in the latter experunents with errors bemg less than 220% 
Table 4 1 3-1 is a results summary of the HGMS expenments h+ded are the mass 
fractlons and actlvity fracoons for each pass o f  each run 

components c o n t m g  hlgher actlvity from the m u l ~ r e  Therefore, m test senes 2 and 3 [Lr */ 

i 
<'( f 57 8 , L L !(&2 +$. - 

<, / >I - k U - 4 ,  

" &/ / ) 5 L d  - JL. 

/ 

4.1.3.1 Test Series 1 J c l s  

The followmg observatlons were made from test senes 1 

a There is a hgh magnetlc fractlon m the sod residue Even at B=O 5 T, the mass 
fiacaon retamed by the matm is hgh 

b Ngh pH (>lo) appears to a d  dspersion and reduces ma- loadrng (see Run 701). 

c Surfactant concentratlons approachrng 0 2 wt% may be necessary to msure hgh 
Qspersion 

d Low superficial velocitles (<O 5 c d s )  that normally mprove separatlon efficiency 
result III unacceptably hgh mass tentlon m the matnx. (Run 704) 

5 6 /rr C" 5 - , 3 -  / k / 5  \+&&) a ,  / A. 4 L  * 
J 1 2  

J 
I 

f h 
, Tc ,< - / , - - ,4  P,- 

1 
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e Run 705 at superficial velocity of 1 0 c d s  showed an unexpectedly hgh separatlon 
effectlveness 

f Actrvlty balance adversely affected by rncomplete backflushmg of the matrix 

4.1.3.2 Test Series 2 

The analysis for senes 2 mcludes the addtlon of a "forward flush" whch is a nnse of the 
matnx at field to remove sohds before the backflush Although assayed separately, it is 
assumed to be part of the effluent stream when calculatmg effectweness Several 
modficatlons to the test procedure were mcorporated mto senes 2 as follows 

a Mod@ samphg of the feed to assure sample UIllfOrrmty 

b Backflush matnx with a r  sparge to lmprove matenal recovery 

c Install bottom taps on sample bottles to mprove homogeneity m samphg 
i 

\ 
' d Adjust backflush solutlon to pH12 

- f 
/ 

Results of test senes 2 are as follows 

a The scalpmg passes were successful in removmg rnagnetrc sod components and &d 
not mclude sigmficant actlvity 

b Pass 2 with the ferromagnetlc matnx at 2 0 T resulted 111 sipficant mass retentlon 
along with actmty removal 

c Orgamc destrucaon by peroxlde pretreatment (Run 709) appears to enhance 
hberatlon of  the paramagnetlc actmdes Compared with Run 707, more actlvity 
was removed m the scalpmg pass after H202 pretreatment However, the effect is 
not sigruficant 

4.1.3.3 Test Series 3 

Recognrvng that the separaQon results from senes 1 at B a . 5  T were better than senes 2 
results at 2 0 T, senes 3 included a scalpmg pass at 2 0 T followed by a ferromagnetx pass 
at 0 5 T Reduced sohds fi-acbon was mvesbgated to evaluate the effect of pmcle 
lnterference In addmon, the H2@ pretreatment was repeated along with a run to evaluate 
a second surfactant, so&um shcate The procedural moMcaQons used m senes 2 were 
contlnued for senes 3 (the effluent samphg problem was not dscovered und after test 
senes 3 was completed) 
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701 05/65 0 2 %  Hexamet 10 .021/234 511/466 

702 05/65 none 8 .067/.203 307/371 

Results of test senes 3 are as follows 

3 
3 
3 

3 

a The scalpmg pass agam extracted approxunately 10% of the sod without removrng 
apprecrable achvity 

710 2p/O 5/65 0.2 % Hexamet 10 .110/ 176 081/ 220 
71 1 2p/O 5/6.5 0 2 % Hexamet 10 123/ 284 OW.317 
712* 2p/05/65 0 2 %  Hexamet 10 083/181 037/118 
71 3 2p/O 5/6 5 0.5% Na2Si03 10 11 I/ 264 078/ 481 . 

b Mass fracQons from the second pass (B=O 5 T) were hgher than observed m senes 
1 Therefore, the scalpmg pass employed m ths senes may not be desrrable 

c Reduced sohds frachon mcreased both separahon efficiency and mass retenhon 
with no net benefit 

d The H202 pretreatment was meffechve in mprovmg separahon 

e The use of sodium shcate as a surfactant siwicantly mcreased separahon 
efficiency (from 0 22 to 0 48) with only a shght rncrease m mass retenbon (from 

' < , f "  

\ 
0 18 to 0 26) I ;  I-.- 

y:- /,; (- 76 , ?<< I 

1 'l 

-4 - 
Table 4.1.3-1 HGMS Results Summary 

I t 

! 
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4.2  QUALITY ASSURANCE/QUALITY CONTROL (QMQC) 

QNQC were rnantaned through data documentatron as descnbed 111 Sectron 3 5, Data 
Management 



Appendix A: Acronym List 

Be 

CEP 

cm 

cm2 

DOE 

dPm 

HGMS 

H202 

K 

LAS 

LANL 

IESAT 

Na2Si03 

Nd 

ou 
P Cdg 

PF 

Pu 

puo2 

QA 

Qc 

RCRA 

RF 

RFP 

RFETS 

TA 

Beryhum 

Controls for Enwonmental Pollubon 

centmeters 

square centuneters 

Department of Energy 

Disentegrabons per Mmute 

High G d e n t  Magnetx Separabon 

Peroxlde 

Kelvrn 

Lockheed Analpcal Services 

Los Alamos Nahonal Laboratory 

Lockheed Envlronmental Systems and Technology Co 

Sodurn Shcate 

- 

Neodyrmum 

Operable Umt 

Pic0 Cunes Per Gram 

Plutomum Faclllty 

Plutomum 

Plutomum oxlde 

Quahty Assurance 

Quahty Control 

Resource Conservation and Recovery Act 

Rocky Flats 

Rocky Flats Plant 

Rocky Flats Envuonmental Technology Site 

TechdArea 

A- 1 

1 

Id 
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Mmometers 
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Appendix B: Data Sheets and Schematics 

Type 
HGMS 

MAGNETIC SEPARATION TEST 

Date- 2/10 & 17/94 Location-TA55/PF4/RM 128 

Magnet Manufacturer Descriptor 
3" Cryomagnetics Internal 

Separator- 

I I Superconductor I I 1 
Objective-Test Series 1 

Ex per i men t al Schematic- 

(1 ) Monostat D Series Varistatlic pump calibrated for tubing 
with 4 layers of tape in tube tray and foam to center tubrng 
in tray 

(2) Cyomagnettcs 3" warm bore S/C magnetic separator 
(3) Matrix 
(4) Supply beaker 
(5) Exit and sample beaker 
(6) Nalgene tubing 1 /8" ID 
(7) Nalgene tubing 1/8" ID 
(8) Magnet power supply 
(9) Stirrer 

B- 1 



'1 'I 

Test Surf 
701 2%HEX 

MAGNETIC SEPARATION TEST 
Date 2/10/94 & 2/17/94 
Carrier Fluic Surrogate 

RFP Soil LESAT Residue 

Description I Particle Size 
LESAT Thickner Underflow ( 4 3 u  I 

pH 
10 

M a t r i x  
IMatrix #VI I 

702 
703 

705 
704 

Comments 

0 8 
05%HW 8 

05%HEX 8 
05%HEX 8 

B-2 
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Mass 
Fraction 

h n  #702 
feed 
xxx.0 
Pass 1 feed 
xxx 1 
XXX.l  b 
Pass 1 eff 
Pass 2 feed 
xxx 2 
XXX.2b 
Pass 2 eff 
XXX.2e 
Total 

Specific Activity Activity 
Activitv Balance 

Specific 
Activity 

(pCi/g) 

120 000 

5 295 
58 719 
60 000 

26 221 
32 032 

99 500 

12 637 
68 959 
73 900 

23 296 
46 459 

100 000 

12 389 
68 575 
73 800 

26 538 
41 702 

Welght 

feed 
& bk 

0 04‘ 

0 224! 

0 25E 

0 127 

0 250 

0 345 

0 124 

0 281 

0 370 

37 7 
9E 

28 1 
9 1  
O E  

27 E 
18 4 
7 2  
4: 

14 1 
7 

37 a 

Run #701 
feed  
xxx.0 
Pass 1 feed 
xxx.l 
XXX.l b 
Pass 1 eff 
Pass 2 feed 
xxx.2 
XXX 2b  
Pass 2 eff 
XXX 2e 
Total 

~~ ~ 

40 
5 6  

34 4 
5 02 

2 3  
32 1 

27 08 
1 7  
5 5  

21 58 
8 

28 12 - 
40 
6 1  

33 9 
5 4  
2 4  

31 5 
26 1 
2 4  
4 8  

21 3 
6 51 

27 61 , - I 

4524 00 
1152 00 
3372 00 
546 00 
148 80 

1650 00 
1104 00 
300 96 
482 46 

292 60 
2922 82 

589 38 

Mass 
Balance 

Error 

(“/.I 
- 

0 27 - 

-29 70 

-353s 

-31 00 

Run #703 
feed  
xxx 0 
Pass 1 feed 
xxx 1 
XXX. l  b 
Pass 1 eff 
Pass 2 feed 
xxx 2 
XXX.2b 
Pass 2 eff 
XXX.2e 
Total 

1 000 

0 071 
0929 
1000 

0184 
0816 

0.255 

I - 1  

100 61000 
100 3390 00 

73 8 39852 
175 420 00 

7 3 8  232470 
7 3 8  1926 18 
51 1 12264 

14430 69264 
5110 108843 
51 10 332.15 

2575 95 

I Error 

1 000 

0 021 
0 979 
1 000 

0 234 
0 766 

0.255 

120 00 
120 00 
120 00 

60 
248 
60 
60 

41 8 
112 20 
41 80 
41 8 

9950 398000 
99 50 5572a 

1‘000 99 50 3422 80 
73 9 370 9a 

0 067 189 43470 
0 933 73 9 2372 19 
1000 73 9 2001 21 

5 8 3  9911 
0203 11470 63085 
0797 5830 125811 

58 30 46640 
0 270 2559 24 -35 70 

~ 

I 

-35 60 
I I I 

Mass Separation 
Weighted 1 Efficiency’ Using 

- 
bk & 
eff I - 

0 083 

0 450 

0 496 - 

0 155 

0 334 

3 437 - 

3 153 
I 

- 
feet 
& eff - 

0 51’ 

0 46f 

0 73! - 

3 307 

3 371 

3 564 - 

1314 

1 435 

1613 - 

B-4 
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I r- Mass 
Fraction 

Specific Activity Activity 
Activitv Balancc 

(9) 
- 

4c 
5 2  
34 7 

5 
45 
30 2 
25 2 
1 7  
51 
20 1 
69 
28 5 

Activity 

(pCi/g) 

140 000 

16 171 
42 994 
49 400 

26 289 
43 869 

144 000 

13 032 
58 346 
61 800 

25 469 
51 623 

40 
6 
34 
6 9  
19 
32 1 
25 2 
3 2  
3 8  
21 4 
6 9  
28 7 

feed 
a bk 

0 l l f  

0 181 

0 27; 

0 09C 

0 184 

0 257 

Mass 

Run #704 
feed  
xxx.0 
Pass 1 feed 
xxx 1 
XXX lb 
Pass 1 eff 
Pass 2 feed 
xxx 2 
XXX.2b 
Pass 2 eff 
XXX.2e 
Total 

Run #705 
feed  
xxx 0 
Pass 1 feed 
xxx.l 
XXX lb 
Pass 1 eff 
Pass 2 feed 
xxx.2  
XXX 2b  
Pass 2 eff 
XXX.2e 
Total 

Balana 
Error 

(%) 

- 

-28 7! 

1000 

0056 
0 944 
1000 

0151 
0 849 

a 2 0 7  -28 2: 

144 
144 
144 
61 8 
2332 
61 8 
61 8 
60 79 
16890 
6079 
60 79 

5760 00 
864 00 
4896 00 
426 42 
443 08 
1983 78 
1557 36 
194 53 
641 82 
1300 91 
419 45 
2989 30 

140 5600 OC 
140 742 OC 

1 ooo 140 4858 oa 
494 24700 

0130 1247 561 15 
0870 494 1491 88 
1 000 49 4 1244 88 

55 93 50 
0 202 129 90 662 49 

5500 379 50 
0.332 2685 64 

0798 5500 110550 

-48 1 C  

-52 Od ’ 

Separation 
Efficiency’ Using 

SDecific 

Combined efficiencies are calculated using Etot = El + E2 - E1*E2 I 

- 
bk & 
eff I - 

0 273 

0 375 

0 546 - 

0 183 

0 330 

3 453 

- 

B -5 



MAGNETIC SEPARATION TEST 

Date- 711 4/94 Location-TA55/PF4/RM 128 
', 

Type 
HGMS  

Separator- 

Magnet Manufacturer Descriptor 
3" Cryomagnetics Internal 

L I Superconductor I I I 
- 

Objective-Test Series 2 

Experimental Schematic- 

(1 ) Monostat D Series Varistatlic pump calibrated for tubing 
with 4 layers of tape in tube tray and foam to center tubing 
in tray 

(2) Cyomagnetics 3" warm bore S/C magnetic separator 
(3) Matrix 
(4) Supply beaker 
(5) Exit and sample beaker 
(6) Nalgene tubing 1 /8" ID 
(7) Nalgene tubing 1/8" ID 
(8) Magnet power supply 
(9) Stirrer 

B-6 l 



Description I Particle Size 
, LESAT Thickner Underflow 1 - 4 3 ~  

pass 1 Matrix VI1 
gass 2 Matri VI 

Comments 

B-7 
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Sample Mass 
Fraction 

iun #706 
eed 
:xx.o 
’ass 1 feed 
:xx.1 
:xx. 1 f 
:XX.1 b 
’ass 1 eff 
’ass 2 feed 
:xx.2 
:XX.2f 
:XX.Pb 
‘ass 2 eff 
XX 2e  
otal 

:un #707 
aed 
xx 0 
ass 1 feed 
xx.l  
XX. l f  
XX l b  
ass 1 eff 
ass 2 feed 
xx.2 
XX.2f 
XX.2b 
ass 2 eff 
XX.2e 
)tal 

Specific Activity Actwit] 
Activitv Balanci 

Nelgh Mass 

(9) 
- 

5( 
18 4( 
31 5. 
7 24 
1 5‘ 
2 54 

27 4! 
20 2! 
5 3’ 
0 6f 
6 O! 

13 5~ 
1; 

53 7; 

- 
38 7f 

30 54 
5 5f 
1 5E 
2 7E 

26 2E 
20 6E 

5 22 
117 
4 71 

9 1  

a i e  

14 a i  

3a 26 

- 

I Separation Efficiency’ Mass 
Balanci 

Error 

(“w 
- 

7 5r  

Weighted 
Specif IC 
Activity 

(pCl/g) 

68 300 

0 929 
1 562 

70 076 
80 400 

1 056 
35 852 
78 900 

94 000 

0 867 

85 040 
99 100 

3 715 
20 989 
52 612 

2 a72 

-1 2e 

feed t 
bk 

0 029 

0 494 

0 506 

o 031 

0 209 

0 234 

1000 

0 048 

0 872 
1000 

o 081 

0033 
0299 
0669 

0.399 

Error 

68 3 1260 82 
6 8 3  215418 
80 4 582 1C 
1 9 4  2929 

80 4 221020 
8 0 4  162810 
118 626 58 

12000 72600 
11800 159772 
11800 141600 

4711 45 

19 4 49 28 

3 2 4  21 38 

1 000 

0 051 
0091 
0 858 
1000 

0 057 
0228 
0716 

0 3 1 9  

37 9t 

94 364250 
94 76704 
94 287546 

99 1 551 00 
17 26 52 

31 6 8785 
99 1 2601 38 
99 1 205038 
7 3 5  38367 
65 7 7687 

9220 43426 

7350 66885 
7350 ioaa54 

2996 06 -1775 

I I I 

Using 

rn 
- 

0 022 

0 310 

0 324 

- 

0 032 

0 271 

0 295 

rn 
effl - 

-0 04C 

0 006 

0 034 

- 

9.086 

1 432 

I 481 

- 

I 
h 

I 

I 

B-9 



Sample ir Weight 

(9) 

38 75 
8 16 

30 59 
6.83 
0 76 
1 53 
28 3 

21 47 
4 96 
0 62 
4 65 
16 2 

11 24 
3 8  
0 9  

3 16 
7 18 
3 49 

38 86 

50 
12 5 
37 5 
9 49 
2 3  

2 11 
33 09 
23 6 
8 03 
1 1 9  
6 29 

16 12 
11 24 
5 29 
1 29 
3 64 
6 31 
2 91 

55 04 

Mass 
8 a I an c 1 

Error 

(“w 

0 21 

10 08 

Weighted 
Specific 
Activity 

(pCl/g) 

81 000 

0 875 
2 856 

30 345 
32 800 

2 691 
16 482 
71 078 
94 200 

2 682 
24 262 
47 079 

96 100 

1 233 
2 723 

75 798 
85 900 

2 521 
40 512 
59 699 
87 400 

231 374 
5 829 

39 409 

feed I 
bk 

0 03: 

0 20C 

0 289 

0 451 

0 028 

0 409 

0 073 

0 468 

Run #708 
feed  
xxx.0 
Pass 1 feed 
xxx.l  
xxx. 1 f 
XXX. l  b 
Pass 1 eff 
Pass 2 feed 
xxx.2 
XXX.2f 
XXX.Pb 
Pass 2 eff 
Pass 3 feed 
xxx 3 
XXX.3f 
XXX.3b 
Pass 3 eff 
XXX.3e 
Total 

Run #709 
f e e d  
xxx.0  
Pass 1 feed 
xxx. 1 
xxx I f  
XXX. l  b 
Pass 1 eff 
Pass 2 feed 
xxx .2  
XXX.2f 
XXX.2b 
Pass 2 eff 
Pass 3 feed 
xxx.3 
XXX.3f 
XXX.3b 
Pass 3 eff 
XXX.3e 
Total 

1 000 

0 025 
0 050 
0 925 
1 000 

0 029 
0 217 
0 755 
1 000 

0 080 
0 281 
0 639 

0.548 

- 

81 
81 
81 

32 8 
35 2 
57 1 
32 8 
3 2 8  
9 4 2  
932  

76 10 
9420 
9 4 2  

7370 
3 3 5  

86 30 
73 70 
7370 

B-IO 

3138 75 
660-96 

247779 
22402 
26 75 
87 36 

92824 
70422 
46723 

5778 
353 87 

1526 04 
105881 
28006 
30 15 

272 71 
529 17 
25721 

2718 11 -134( 

Mass I Separation Efficiency’ 

1000 

0061 
0056 
0882 
1000 

0 050 
0 267 
0 683 
1000 

0 115 
0 324 
0561 

0.647 

Using 

96 1 480500 
96 1 1201 25 
96 1 3603 75 
8 5 9  81519 
20 1 46 23 
4 8 4  10212 
85 9 284243 
85 9 202724 
8 7 4  701 82 

50 5950 
152 00 956 08 
87 40 1408 89 
8 7 4  98238 

7020 371 36 
2016 260064 
18 00 65 52 
7020 442 96 
7020 20428 

7124 00 48 26 

ZGi 
- 

0 084 

0 183 

0 328 

0 497 

- 

0 034 

D 394 

3 021 

1427 

- 

rn 
eff I - 

0 61: 

-1 24! 

0 472 

0 542 

- 

3 198 

1276 

2 098 

3 799 

- 



*(Mass Fraction *Specific Actwty)mags 
(Mass Fraction *Specific Activtty)feed 

Combined efficiencies are calculated using, Etot = El + E2 - E1*E2 or 

Forward flushes (XXX Xf) are combined with effluent when calculating efficiencies 

*Note for three passes efficiencies are calculated as follows 
Etot = El+E2+E3 - E1*E2 - El*E3 - E2*E3 + El*E2*E3 

I 

B-11 



MAGNETIC SEPARATION TEST 

Date- 9/15/94 Location-TASfj/PF4/RM 128 
c '\ 

I 

. 
Type Magnet Manufacturer Descriptor 
HGMS 3" Cryomagnetics Internal 

Superconductor 

Objective-Test Series 3 

Experimental  Schematic-  

(1 ) Monostat D Series Varistatlic pump calibrated for tubing 
with 4 layers of tape in tube tray and foam to center tubing 
in tray 

(2) Cyornagnetics 3" warm bore S/C magnetic separator 
(3) Matrix 
(4) Supply beaker 
(5) Exit and sample beaker 
(6) Nalgene tubing 1 /8" ID 
(7) Nalgene tubing 1/8" ID 
(8) Magnet power supply 
(9) Stirrer 

I 

B-12 



MAGNETIC SEPARATION TEST RFP Soil LESAT Residue 
\ ' Date 911 5 / 9 4  

Description 
LESAT Thickner Underflow 

Particle Size 
<53u 

7131 10 I 0 1 ISodium 
Silicate 

pass 1 Matrix VI1 
pass 2 Matrix VIII 

B-13 

710 1 0  0 1 2% hex 
0 05 2% hex 



'MAGNETIC SEPARATION TEST RFP Soil LESAT Residue 
Date 91 1 5 / 9 4  

pass 1 Matrix VI1 

I Surrogate Carrier Fluic 
Description I Particle Size 
LESAT Thickner Underflow 143u  

Comments 

7131 1 0  I 0 1 ISodium 
Silicate 

B-14 

33 



I -l 

E 
a> 

Y x x x 

U 

rn 

P 
Y x 
X x 

d) 
c, I Q 

B-15 



XXX.3f 
XXX.3b 
Pass 3 eff 
xxx.3e  
Total 

Weight 

(9) 

Sample 

lun #710 
eed 
:xx.o 
'ass 1 feed 
:xx.1 
:XX.lf 
:XX.1 b 
'ass 1 eff 
'ass 2 feed 
:xx.2 
:xx.21 
:XX 2b 
'ass 2 eff 
'ass 3 feed 
xx.3 
xx 3f 
XX.3b 
ass 3 eff 
XX.3e 
otal 

un #711 
sed 
xx.0 
ass 1 feed 
xx. l  
xx.l  f 
X X . l  b 
ass 1 eff 
ass 2 feed 
xx.2 
XX.2f 
XX.2b 
ass 2 eff 
3ss 3 feed 
xx.3 

55 5c 
11 40 
44 i a  
10 96 
4 6(l 
4 86 

34 64 
23 68 
8 00 
2 08 
4 16 

17 44 
11 24 
2 60 
1 20 
5 00 
5 04 
0 00 

54 86 

27.75 
6 66 

21 091 

3 30 
2 60 

15 19 
10 44 
3 31 
1 44 
2 97 
6 03 

11 24 

4 751 

MasS 
Weighted 

Activity 
Speclflc 

Mass 
Balanc 

Error 

("@ 
- 

-1 1: 

Separation 
Efficiency' Using 

132 000 

9 346 
10 6350 
60 797 
77 400 

7 984 

Mass Specific Activity Activii 
Fraction Activity Balanc 

081 0 13; 

132 000 

9 346 
10 6350 
60 797 

081 0 13; 

(pcilg) feed bk8 I& 
1 000 

0104 
0110 
0 785 
1 000 

0088 
0 176 
0736 
1000 

0107 
0 445 
0 448 

0 731 

- 

1000 

0 156 
0123 
0720 
1000 

0 138 
0 284 
0 578 
1000 

0044 
0178 
0778 

0.586 

132 00 7326 00 
13200 150480 
132 00 5821 20 
7740 848 30 
8960 412 16 
9650 46899 
77 40 2681 14 
77 40 1832 83 

134 30 1074 40 
9090 18907 

17050 70928 
13430 234219 
13430 150953 
130 50 339 30 
7348 8818 

153 60 768 00 
130 50 657 72 
130 50 0 00 

6402 48 -126 

99 98 2774 45 
99 98 66587 
99 98 210858 

164 50 781 38 
9660 31878 
4225 10985 

16450 249876 
16450 171738 
16310 53986 
68 50 98 64 

120 40 357 59 
163 10 983.49 
16310 183324 
16617 21602 
51 91 2596 
9670 19340 

16617 145233 
16617 0 0 0  

330734 1921 

29 953 
98 910 

134 300 

7 845 
68 327 
58 516 

99 980 

15 115 
5 209 

118 481 
164 500 

9 448 

94.204 
163 100 

2 309 
17 2060 

129 210 

34 252 

77 400 

7 984 
0 220 0 21! 

0 529 0 50; 

0 662 0 66t 

0 052 0 038 

o 317 o 248 

167 0 116 

0 460 0 360 

- 
feed 

eff I - 

0 46! 

-0 38 

0 50E 

0 637 

- 

0 33c 

I 370  

I194 

1321 

I 

I 

I 

I 
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. 
1 [Sample Weight 

(9) 

50 00 
12 80 
37 20 
10 00 
4 20 
3 10 

29 90 
19 90 
6 90 
2 80 
3 60 

13 50 
11 24 
2 30 
0 40 
2 40 
8 44 
0 00 

48 50 

55 50 
13 06 
42 44 
10 40 
5 00 
4 70 

32 74 
22 34 
6 92 
3 45 
5 90 

12 99 
1 1.24 
1 40 
1 40 
6 80 
3 04 
0 00 

5903 

Mass 
Balanc’ 

Error 

(“4 

-3 01 

63E I 

Mass Specific Activity ActivitJ I Balanci Fraction I Activity I 

Run #712 
f e e d  
xxx .0  
Pass 1 feed 
xxx.l 
xxx If 
XXX. l  b 
Pass 1 eff 
Pass 2 feed 
xxx 2 
xxx 2f 
XXX.2b 
Pass 2 eff 
Pass 3 feed 
xxx 3 
xxx 3f 
XXX 3b 
Pass 3 eff 
XXX.3e 
Total 

Run #713 
feed 
xxx.0 
Pass 1 feed 
xxx 1 
xxx.l f 
XXX l b  
Pass 1 eff 
Pass 2 feed 
xxx.2  
XXX.2f 
XXX.2b 
Pass 2 eff 
Pass 3 feed 
xxx .3  
XXX.3f 
XXX 3b 
Pass 3 eff 
XXX 38 
Total 

Mass Specific Activity ActivitJ 
Fraction Activity Balanci 

Error 

11330 566500 

113 300 

8 095 
4 189 

58 835 
73 200 

0 03 

1000 

0113 
0083 
0 804 
1 000 

0 141 
0 181 
0678 
4 1000 

0 036 
0214 
0 751 

o 478 

Mass 
Werg hted 
Specific 
Activity 

11330 145024 
11330 421476 
7320 73200 
71 70 301 14 
5027 15584 
73 20 2188 68 
73 20 1456 68 

13320 91908 
8670 24276 
77 95 280 62 

13320 179820 
13320 149717 
186 70 429 41 
6641 2656 
4869 11686 

186.70 1575 75 
186 70 0 00 

4654 51 -17 84 

Separation 
Eff ciency’ Using 

2 363 
10 396 

140 191 
0 08 

0 22( 

12 19s 
14 102 
90 362 

133 20c 

1 000 

0118 
0111 
0 771 
1000 

0154 
0264 
0 581 
1 000 

0 125 
0605 
0270 

0 9 8 0  

11; 

76 80 426240 
76 80 1003 01 
76 80 3259 39 

11520 119808 
4860 24300 
5379 25281 

115 20 3771 65 
11520 257357 
89 00 615 88 
3648 12586 

14510 85609 
89 00 1156.11 
89 00 1000 36 
62 15 87 01 
33 37 46 72 

12855 87414 
62.15 18894 
62 15 000  

530260 244C 

76 800 

5 726 
5 957 

88 870 
115 200 

5 634 
38 321 
51.751 
09 000 

4 156 
77 770 
16 809 

0 07t 

0 481 

1 384 

1 184 

~ bk& 
effl - 

0 05s 

0 121 

0 06€ 

0 22s 

- 

3 059 

3 400 

I 788 

I880 
- 

- 
feed I 

eff I - 

0 405 

-0 40‘ 

-0 07( 

0 114 

- 

-0 232 

D 502 

3 764 

1855 

- 

/ 

I 

, 

, ? 
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'(Mass Fraction 'SDecific Actrvitvlmaas 
(Mass Fraction 'Specific Activdy)feed 

Combined efficiencies are calculated using' Etot = El + E2 - El'E2 
Forward flushes (XXX Xf) are combined wrth effluent when calculating efficiencies 

*Note for three passes efficiencies are calculated as follows: 
Etot = El +E2+E3 - El *E2 - El *E3 - E2*E3 + El *E2*E3 
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